Abstract: This paper describes the behaviour of axially loaded long and eccentrically loaded short thin-walled steel channels, strengthened with transversely bonded carbon fibre reinforced polymer (CFRP) sheets. Seven long members, each 1400 mm long, and seven short members, each 750 mm long, were tested. The main parameters were the number of CFRP plies (one or two) and the clear spacing between the CFRP strips (50, 100 or 150 mm). The effect of CFRP sheet layer and clear spacing was studied. All the ultimate load capacity of the reinforced members was improved in different extent. A maximum strength gain of 9.13% was achieved for long members with two CFRP layers and 50 mm spacing of CFRP strips. The experimental results show that the global buckling happens to all the long specimens. For short members, the maximum strength gain of 12.1% was achieved with two CFRP layers and 50 mm spacing of CFRP strips. With the exception of the most heavily reinforced (2 plies at 50 and 100 mm), local buckling was observed prior to global buckling for short members, which was completely opposite of the control specimens. Meanwhile, when the clear spacing of CFRP strips is greater than the web height of steel channel, the transversely bonded CFRP does not have a significant improvement in buckling load capacity of the short-and long-channel components. While the clear spacing is less than the web height, the more number of CFRP layer, the more enhancement of buckling load capacity.
Introduction
The use of fibre-reinforced polymer (FRP) sheets has been successfully demonstrated in retrofits of concrete structures. However, research on using FRP in the retrofit of steel structures has been fairly limited [2, 7, 23] . Most of the research conducted in this area has focused on three parts: firstly, retrofit the beam with CFRP, including reinforcing damaged steel beams [3, 9, 10, 12, 16] and undamaged steel beams [4, 5, 14] . These works show that the ultimate load capacity of steel beams was improved after reinforced with CFRP; secondly, using CFRP to reinforce the axial compressive steel members [6, 8, 11, 13, 15, 19, 21] , the reinforced specimen section includes the T, H, circular and square tube section. These literatures indicate that the CFRP can improve the flange and web local buckling or flexural torsional buckling load capacity. Finally, using CFRP to retrofit the fatigue resistance of steel structures [20, 22] , the remaining fatigue life was multiply improved after reinforcement.
All the previous work shows that the proper CFRP constraints can increase the buckling load capacity or the remaining fatigue life of members to different degrees. No research, however, has been reported on the strengthening of thin-walled steel channel under axial compression, particularly research to examine the effect of CFRP sheets on the local and global buckling behaviour of long or short steel channels. Given that the cold-formed thinwalled channel specimen is uniaxial symmetry, it is very easy to occur the flange buckling, web local buckling and flexural torsion. This paper, therefore, is focused on evaluating the effectiveness of CFRP-reinforced long and short thin-walled steel channels subject to axial and eccentric load; meanwhile, buckling behaviors and the associated failure modes were described. In addition, the influence of CFRP layer and clear spacing of transverse CFRP strips was investigated.
Experimental Program

Material Properties
According to the specification [17] , the test specimens were made of Q235 steel whose tangent modulus of elasticity, yield and ultimate strength were 202 GPa, 305.8 MPa and 418.5 MPa. Poisson ratio was 0.3, and the ultimate elongation was 0.33. The material performance of CFRP is shown in Table 1 , and the mixture ratio of the adhesive to the curing agent was 3:1. Using manufacturer-prescribed saturant, the elastic modulus, tension, compression and shear strength of the adhesive were 380 GPa, 43.5 MPa, 86.0 MPa, 22.06MPa, and the ultimate elongation was 0.022. 
Fabrication of Test Specimens
An experimental program has been carried out to investigate the feasibility of using CFRP sheets for retrofitting of steel channels of two different slenderness ratios, selected to simulate short-and long-channel conditions. A total of 7 short and 7 long specimens, as shown in Table 2 , were tested. Some of the tests were conducted on control specimens, without any CFRP retrofitting system; the rest of the tests were conducted on CFRP retrofitted specimens. The number of CFRP layers and clear spacing were varied. The steel channel specimens were cut to the desired lengths. Care was taken to ensure flat ends. All specimens were cured for at least 6 days at room temperature, prior to testing, as recommended by the manufacturer. Except two control specimens (SC0 and LC0), around the internal and external sides of the rest twelve specimens were all transversely bonded with 50 mm wide CFRP strips, as shown in Figure 1 . Strips were one or two layers thick (n) and provide a clear spacing of s = 50, 100 or 150 mm, as shown in Table 2 .
In order to facilitate the loading, two ends of the specimen were welded with a steel plate respectively. For the sake of extra constraint, only use spot-weld while welding the ends plate.
For flexure, sections are classified as compact, noncompact or slender-element sections. If the width-to- thickness ratio of compression elements exceeds λp, but does not exceed λr, the section is noncompact. The parameters λp and λr are described as equation (1) and (2) for the limiting ratio (b/t) respectively. And the parameters λp and λr are described as equation (3) and (4) for the limiting ratio (h/tw) respectively [1] .
where, the limiting ratios (b/t), λp and λr, are equal to 9.77 and 25.7 for short channels under eccentrically load respectively. Obviously, these sections have noncompact flanges. For compression, sections are classified as nonslender element or slender-element sections. If the width-tothickness (b/t) ratio of compression elements exceeds λr, the section is a slender-element section. The parameters λr is determined as following equation (5) [1] .
h/tw : λr = 1.49
where, the limiting ratio (b/t), λr, is equal to14.39 for long channels under axial load. So, their sections have slender flanges. 
Test setup and instrumentation
In order to collect the deformation and strain of the specimens, the LVDT (linear variable differential transducers) and the strain gauges were respectively arranged on the specimens, and the positions were shown in Figure 2 . At the midheight of a specimen, three longitudinal orientations of the strain gauge were arranged at the middle of the web and two flanges. The vertical deformation of a specimen was measured by a hydraulic servo loading control system and LVDT |. The transverse deformation was measured by LVDT x. LVDTs x, y, z, and { were respectively arranged at the midheight of the web and flanges of a specimen, while LVDTs } and~were located above and below LVDT y at 150 mm. In addition, two cameras were set on both sides of the loading device to record the entire test process. The test used 500 kN hydraulic servo loading system, and the details of the component were shown in Figure 3 . In order to ensure that the tested specimen was hinged at both ends, two ends were respectively provided with two hinged supports. And two hinged supports were located at the center of the cross section of the channel.
The effective length factor (k) is assumed to be equal to 1.0 in this case, as the channels were hinged at both ends. Because of the low kL/r ratio for the short channels, it was anticipated that local buckling would govern failure after the steel reached the yield load. According to the code [23] , for short thin-walled steel channel, the initial buckling capacity is about 74.2 kN. The preload is 3% of the estimation, loading slowly. Each load class has 2 to 3 minutes in order According to the code [18] , the length of the long channels was chosen to be 1400 mm, to provide a slenderness ratio about weak-axis, which ensures the occurrence of overall buckling as long channels. Based on the code [23] , for the long thin-walled steel channel, the stability capacity is about 57.5 kN. According to the estimation, the classification of the test load is as follows. The pre-loading is estimated by 5%, and the loading speed was slow. The formal loading phase requires 10% of the estimated load. Before testing, every effort to ensure a perfectly concentric loading condition.
Experimental Results
In the following sections, test results are presented in terms of the load-displacement and load-strain responses. The gains in both axial strength and eccentric strength of CFRP-retrofitted channels are presented. The effects of various parameters on the behaviour and failure modes are also discussed.
Failure modes of short and long specimens
Due to the relatively slender flange width-thickness ratio (b/t = 16.2) [21] and the load eccentricity, the typical failure mode for short-channel control specimen was yielding followed by symmetric local buckling, where two opposite flanges buckled outward, as shown in Figure 4 . As the load was applied beyond the yield, specimens tended to twist, and the flange buckling did not occur at exactly the same height of the specimen. However, the six specimens reinforced with CFRP exhibited both flange local buckling (FLB) and flexural torsional buckling (FTB) as described in the following sections. As shown in Figure 4 , the local flange buckling occurred above and below the midheightlocated CFRP strip on each flange. In all long-channel specimens, failure was mainly due to excessive overall bucking of the specimen ( Figure 5 ), followed by a secondary local buckling failure in the compression flanges, near the mid-length of the specimen (Figure 5) . Similar with the short-channel specimens, the local flange buckling occurred above and below the midheightlocated CFRP strip on each flange.
In general, none of the short-and long-channel specimens failed at the CFRP joint overlap. And there was no delamination or rupture of CFRP during the whole test program.
A summary of test results, including yield load (Py), ultimate load capacity (Pu), and buckling modes, is presented in Table 3 . Also given in Table 3 is the percentage increases in capacity load for the CFRP-retrofitted specimens relative to the values for the control specimens. Table 3 , all the long-channel specimens exhibited flexural torsional buckling (FTB). As for the short-channel specimens, however, specimens SC2 and SC4 exhibited flexural torsional buckling (FTB) prior to their flanges buckling. This was attributed to the fact that these specimens a) had the greatest amount of CFRP applied (Table 1) ; and b) were reinforced at their midheight -the location of the greatest moment due to load eccentricity. Capacities of the CFRP-wrapped specimens (including long-and shortchannel specimens, as shown in Table 3 ) were greater than that of non-retrofitted specimens.
Load-displacement curve of short specimens
The load -horizontal displacement curves for all shortcolumn specimens are shown in Figure 6 . In each graph, two curves are presented for the control specimen and the CFRP-retrofitted specimen. The gain in axial strength for the CFRP-retrofitted specimens ranged from 3.17% to 12.1% (Table 3) . Test results in Table 3 and Figure 6 indicate that for short-channel specimens, number of CFRP layers is more efficient in increasing the eccentrically load capacity than clear spacing of CFRP strips oriented in the transverse direction. The results also indicate that specimen SC2, with two transverse layers of CFRP and clear spacing of 50 mm, achieved the highest gain in strength, 12.1%.
Load-displacement curve of long specimens
The load versus lateral deflection of all long-channel specimens is shown in Figure 7 . The gain in axial strength for the CFRP-retrofitted specimens ranged from 2.85% to 9.13% (Table 3) . The strength gains, however, do not correlate directly with the number of CFRP layers. For example, specimen LC6 (two layers) shows only a 4.67% increase in strength, whereas LC1 (one layer) shows an 8.23% increase. This was attributed to the fact that specimens LC1 and LC6 had the different clear spacing of CFRP strips (Table 2). The Figure 7 indicates that for specimens of comparable imperfections (control and LC2), the behaviour of the CFRP-strengthened specimen shows not only higher strength but also higher initial slope, compared to control specimen, which indicates that CFRP has improved stability against lateral deflections. Figure 8 shows the load -axial strain behaviour of the control specimen and specimens retrofitted with transversely bonded CFRP. For the control specimen, gauge showed linearly increasing compressive strains up to a certain point, where flanges local buckling took place. At this point, two flanges buckled outward, as indicated by the strains measured by , which reversed direction sharply as a result of the reduction of compressive strain. For the retrofitted specimens, strains measured by indicate a more severe reversion at a certain point, which also occurred at a higher load level than with the control specimen. Furthermore, the difference between the gauge read- ings of the control specimen and retrofitted specimens at an early stage within the elastic range appears to be increased for specimens with CFRP, compared with the control specimen, which suggests that CFRP improves the stability of the specimens. Figure 9 shows the load versus axial strain at the web side of all specimens, as measured by the strain gauge at the midheight. The figure shows that the web side is under compression up to a certain load, at which point excessive buckling occurs, and then, the strains in web side in compression change to tension. The strains indicate that global buckling starts at strain values far below the yielding strain of 0.0015, which suggests the existence of imperfections of different magnitude, possibly as a result of slight out-of-straightness in the specimens, minor misalignment within the test setup, or a combination of both. Figure 10 shows a schematic of typical failure mode for short-and long-channel specimens retrofitted with transvers CFRP strips. The local flange buckling occurred just above and below the midheight-located CFRP strip on each flange. It seems to avoid the exact place where CFRP strips exist. From test, it was observed that two flanges would typically buckle outward. In this study, for thin-walled sections, this type of deformation occurs before the cross-sectional yield load is reached. In Figure 10 , it can also be observed that CFRP sheets could confine outward buckling and that transverse CFRP layers are effective in confining outward local buckling of the two opposite steel flanges. This confine- ment controls local buckling of steel channels, and it can improve the capacity of steel channels. Therefore, CFRP strengthening can delay local buckling by confining effect on outward local buckling sides, the maximum load can increase. The ultimate load capacity of CFRP-retrofitted specimens was improved in varying degrees. With two layers of CFRP specimens (SC2, SC4 and SC6), their capacity was greater than those with only one layer of CFRP (SC1, SC3 and SC5). When the clear spacing between the CFRP Strips is different, the ultimate load capacity is varied. This shows that although the increase of CFRP layer can improve the ultimate capacity, but the extent of the increase is also affected by the clear spacing. Similar conclusions can be obtained for the long-channel specimens. In order to further study the effect of CFRP strips spacing on the ultimate load capacity of reinforced specimens, a parameter (δ) which is equal to the ratio of the clear spacing (s, Figure 1 .) to the height of the web (h, Table 2 ) is determined by Eq. 7.
Load-strain relationship of specimens
Effect of CFRP on failure modes of specimens
The relationship of the ultimate load capacity of the short-channel specimens and the ratio (δ) is shown in Figure 11a . When the clear spacing (s) is 50 mm, the ultimate capacity of specimens SC1 and SC2 were increased 5.8% and 12.1% respectively. This shows that when the ratio (δ) is equal to 0.5, the CFRP layer plays an important role in improving the ultimate capacity of the specimen.
With a clear spacing (s) of 100mm, the ultimate capacity of specimens SC3 and SC4 is increased 4.1% and 6%. The result shows that when the ratio (δ) is equal to 1, although the increase of CFRP layer can improve the ultimate capacity, there is no significant effect.
With a clear spacing (s) of 150mm, the ultimate capacity of specimens SC5 and SC6 is increased 3.7% and 5%.
When the ratio (δ) is equal to 1.5, the CFRP strip is invalid because of the relative increment of SC5 and SC6.
Effect of CFRP layer and clear spacing of CFRP strips on ultimate capacity of long-channel specimens
The relationship of the ultimate load capacity of the longchannel specimens and the ratio (δ) is shown in Figure 11b . As for the long-channel specimens, when the clear spacing (s) was 50 mm, the ultimate load capacity of specimen LC2 and LC1 was increased 9.13% and 8.23% respectively. Although the improvement of the ultimate capacity of specimen LC2 was more than that of specimen LC1, but was only increased 0.9% relatively. It indicates that although increasing the CFRP layer can improve the ultimate load capacity when the ratio (δ) equals to 0.5, there is no significant effective. With a clear spacing (s) of 100 mm, the ultimate load capacity of specimen LC3 and LC4 was increased 5.20% and 6.97% respectively, but was only increased 1.77% relatively. This was nearly two times of the improvement when the ratio (δ) equals to 0.5. It indicates that when the ratio (δ) equals to 1, the CFRP layer number plays an important role in improving the ultimate bearing capacity of specimen.
But for the clear spacing of 150 mm, the ultimate load capacity of specimen LC5 and LC6 only increased 2.85% and 4.67% respectively. Since the relatively increments of specimen LC5 and LC6 is marginally, it is verified that CFRP is ineffective when the parameter (δ) equals to 1.5.
Conclusions
This paper has presented a study on the potential of strengthening the cold-formed thin-walled channel by using externally bonded CFRP strips. A series of eccentric and axial compression tests of steel channels reinforced by high-strength CFRP was conducted to obtain the local buckling and overall buckling behavior and strength of the channels. The failure behavior was observed, and the effect of CFRP layer and the clear spacing on the ultimate capacity of all specimens was compared. The conclusions of this study are as follows.
1. The ultimate load capacity of the cold-formed thinwalled short-and long-channel specimens with transversely bonded CFRP strips was improved in some extent. When the CFRP strips spacing is 50 mm and the CFRP layer number is two, for the shortchannel specimens under eccentrically load, the ultimate buckling load capacity can achieve an increase of 12.1%, but that of the long-channel specimens under axial load only be increased by 9.13%. 2. When the clear spacing of CFRP strips is greater than the web height of steel channel, that is δ>1, the transversely bonded CFRP does not have a significant improvement in buckling load capacity of the short-and long-channel components. While the clear spacing is less than the web height, that is δ≤ 1, the more number of CFRP layer, the more enhancement of buckling load capacity. 3. The failure mode of the long-channel specimens were all the same as the overall flexural torsional buckling, and cannot be changed by transversely bonded CFRP strips. However, parts of failure modes of the short-channel specimens were changed from the flange local buckling to the overall flexural torsional buckling by transversely bonded CFRP strips, and the others remained the flange local buckling unchanged. 4. This paper only analyzes the buckling behavior of the cold-formed thin-walled short and long steel channels in the situation that transversely bonded CFRP strips under eccentric and axial load, respectively. As for the other orientation, such as longitudinally bonded CFRP or no spacing between the transverse CFRP strips, further work is needed to examine the behavior of the component under these conditions.
